The contribution of the thermal dust component in galactic halo rotation is explored based on the microwave data of Planck satellite. The temperature asymmetry of Doppler nature revealed for several edge-on galaxies at several microwave frequencies is analyzed regarding the contribution of the thermal dust emission. We derive the dust contribution to the galactic halo rotation using the data in three bands, 353GHz, 545GHz and 857GHz for two nearby galaxies M81 and M82. The relevance of the revealed properties on the halo rotation is then discussed in the context of the modified gravity theories proposed to describe the dark matter configurations.
Introduction
The study of the Planck data 1 in several microwave bands had revealed temperature asymmetry for several nearby edge-on spiral galaxies extending to their halos.
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That asymmetry is frequency independent, thus indicating its Doppler nature. Previously we have studied 7 that effect based on the microwave data for the galaxy M31, namely, regarding the possible contribution of the thermal dust in the rotation of the halo. Here we continue the analysis, now using the data on galaxies M81 and M82. Since the galactic halos act as probes for testing of modified gravity models, we therefore discuss also that aspect with certain models based on revealed role of the thermal dust in the rotation of the halos.
Among various models the baryonic matter in the form of molecular clouds was suggested as the possible content of the dark matter in galaxies including their halos. 8 Then, the mentioned microwave asymmetry of Doppler nature has to reflect that. In our previous study of M31 galaxy 7 using the microwave temperature asymmetry data we have concluded that the thermal dust cannot be the main contributor to the dark matter, since the rotation velocity provided by dust component is quite low. So, here we will perform the analysis for the M82 and M81 galaxies.
The paper is organized as follows: Sections 2 and 3 describe dust emission properties and velocities for M82, M81 galaxies, respectively. In Section 4 we briefly discuss certain modified gravity models proposed to explain the dark matter paradigm including the model in. 13, 14 In Section 5 we draw our main conclusions.
Rotation velocities of M82 galaxy halo
M82 is one of the brightest infrared objects located at distance of 3.63Mpc from us (in M81 group). 15 It is a starburst late type galaxy, with 80 0 inclination angle.
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The origin of the nuclear starburst region (with 500pc size 17 ) , is assumed to be due to a close encounter between M82 and NGC3077. 18 The near infrared data indicate the presence of bar with 1kpc size. 19 As reported by, 20 the major part of galaxy's mass (≈ 10 10 M ⊙ ) is located in the inner region (within 2kpc). Besides this, there is a bulge component with 10 7 M ⊙ mass and 7.5pc size. 21 It also has spiral arms which are not visible on the optical images (due to presence of dust particles). However, they can be seen on the near infrared wavelengths. 22 Also, M82 is a gas rich galaxy with 30−40% gas fraction. 23 Furthermore, there are some evidences for the presence of dust in the inner disk. 24 The rotation curve of the M82 has been studied by many authors. According to 25 it is flat within 1 − 4kpc, with ≈ 10 10 M ⊙ dynamical mass. However, starting from 1.5kpc to 10kpc radius, the rotation velocity, derived by HI kinematics, sharply decreases from 120km/s to 50km/s. 26 It should be mentioned that although different components of M82, such as bar, bulge, disk or spiral arms are well studied, less information is available about its halo.
2.1 Dust emission parameters for M82 halo: Here we attempt to obtain radial behavior of dust emission optical depth using several Planck maps. 27, 28 The description of used Planck maps, as well as calculation technique is described in. 7 Similarly to M31, 7 we calculate optical depth for two dust models: DL07 9 and GNILC. 10 The necessary parameters of the MBB spectrum, dust spectral index β and temperature T d , are taken from Planck GNILC maps. The parameters used in this paper are calculated as follows: from Planck map we take circles of 15kpc, 20kpc and 25kpc radii, their centers coincide with the center of the galaxy. Then we calculate the average value of each parameter for given radii. For DL07 model spectral index is equal to 2 for all radii, while in the case of GNILC model β varies within large distances. For M82 and M81 galaxies there is also an anti correlation between β and T d (see Table 1 ), which is appeared during MBB spectrum fitting (caused by noise). Table 1 . Dust temperature, spectral index and microwave asymmetry data.
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Distance
Microwave temperature asymmetry As already mentioned, we derive optical depth τ from MBB spectrum. It should be noticed that τ remains almost unchanged for T d = const, however, it strongly depends on the spectral index. For example, in the case of DL07 (β = 2) the order of τ is 10 −3 , while for GNILC (β = const) it is 10 −2 . In fact, for all models and all cases τ decreases for large radii (see Tables 2-4) .
2.2 M82 dust rotation velocities: The rotation velocities of M82 are obtained via the formula
where the inclination angle i = 80
• , the temperature asymmetry
and optical depth τ depend not only on the radius, but also on the given frequency band. In Eq.(1) v is the dust rotational velocities at 15kpc, 20kpc, 25kpc distances. So, based on Eq.(1) we aim to find out whether interstellar dust component can give a significant contribution in the halo rotation. Since we use two different dust models at three frequency bands, so the obtained velocities are different. The temperature asymmetry has relatively high values especially at 353GHz band (see Table 1 ). As we can see from Table 5 and 6, the rotation velocities vary significantly according to frequency. On the other hand velocities derived by DL07 dust model, have their lowest values at 857GHz band. In this case, there is no significant change of velocity within the specified radius. Namely, at 545GHz band it rises up to 20kpc, then decreases only by 0.61km/s. Finally, at 353GHz it decreases from 159km/s to 80km/s. As in the DL07 case, for GNILC the velocities have their lowest values at 857GHz and relatively higher ones at 545GHz and 353GHz bands. The optical depth obtained according to MBB formula strongly depends on the flux density in given frequency band and the radial distance. Flux density decreases at large galactocentric distances. It also decreases from 857GHz to 353GHz band. In general, the dust radiates on broad range of frequencies, e.g. the warm grains, which have small size, emit mainly at NIR/MIR range, while cold grains of larger size emit Instructions for Typing Manuscripts (Paper's Title) 5 Table 5 . M82 dust rotational velocities by DL07 model. Table 6 . M82 dust rotational velocities by GNILC model. at submillimeter range. The cold dust within the ISRF emits at high frequencies (ν > 353GHz), however for our work we consider the three bands in view of the temperature asymmetry data. Namely, for both -the microwave data and the dustwe consider the same bands. Consequently, at 857GHz, the dust rotational velocity has the lowest value. We will discuss these results in more details in Section 2.3 and check that the dust mass has higher values at 353GHz, 545GHz and therefore the velocities at these bands are higher than those at 857GHz. Actually, the frequencydependent velocity appears during the calculation of optical depth, since we use the MBB spectrum. Namely, we calculate the mean flux density (S(ν)) for given galactocentric radii and given frequency, then obtain the optical depth τ (ν) via MBB formula and finally, according to Eq.(1) we obtain the dust rotational velocity, which depends not only on the dust model, but also on given frequency.
Dust masses:
Dust mass depends on the frequency at which it is emitted. For example, in 30 the dust masses have been estimated at 37µm (≈ 8102GHz) and 31µm (≈ 9670GHz) within 1kpc. According to emission peaks at these wavelengths the estimated masses are 3.6 × 10 4 M ⊙ and 1.8 × 10 4 M ⊙ , respectively. At wavelength (λ = 1.2mm) 31 the total dust mass in the inner region (3kpc) is 7.5 × 10 6 M ⊙ . Furthermore, the dust mass has been estimated to be roughly (1−3)×10 5 M ⊙ based on the giant star population and starburst model 32 (within 500pc). At 450µm range (666GHz), M d = 3.66 × 10 6 M ⊙ has been reported by.
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For our bandwidths we estimate dust mass from
where τ , k = 3Qν 4aρ , a and ρ stand for the optical depth, the mass absorption coefficient, dust grain radius and density, respectively, Ω is the solid angle, D is the distance between the source and the observer, Q ν is the grain emission efficiency. Since these quantities are not well defined for our frequencies, we adopt a power law shape of k and parametrized form k = 0.1cm 2 g −1 ( ν 1000(GHz) ) β according to. 35 In this way we estimate the dust mass for 857GHz, 545GHz and 353GHz frequencies and two models: DL07 and GNILC (see Tables 7 and 8 ). Table 7 . M82 dust masses for DL07 model. Table 8 . M82 dust masses for GNILC model. In fact, even in the same frequencies different dust masses (up to an order of magnitude) are derived from DL07 and GNILC models a . From these masses one can obtain the dust orbital velocities
where M d is the dust mass. Note that, the dust mass can be minor fraction of the entire galactic dynamical mass and therefore the rotation velocity obtained by the dust mass can define not the global galactic rotational velocity. Regarding the Doppler induced microwave temperature asymmetry, we assume that it is determined by presence of cold dust and hence the obtained velocities are attributed only to the dust component. If in Eq. (3) we also add the stellar mass or other baryonic components, we will obtain higher velocities, than what we have according to Eq.(1). This is due to the fact that the ISM fraction with respect to the total baryonic mass is about 10% and the dust mass contribution in ISM is small. On the other hand, by including other baryonic components in the Eq.(3) one has to take them into account also in Eq.
(1), since the rotation determined by the microwave temperature asymmetry with respect to dust component is also present there (expressed via dust emission optical depth (τ )). Since we are interested in the rotation at large galactocentric distances, we do not take into account the effects important at small distances from the galactic center. The results are presented in Tables 9  and 10 .
a The reason of such differences for the dust masses (in the same frequency) arises from the given dust model i.e. DL07 and GNILC models have different parameters (e.g. spectral index β, optical depth τ ) describing the dust emission properties and composition.
Instructions for Typing Manuscripts (Paper's Title) 7 Table 9 . M82 dust rotational velocities by DL07 model. Table 10 . M82 dust rotational velocities by GNILC model. 815 Comparing the above results with the velocities obtained with Eq.
(1), we see that the former have significantly lower values.
Rotation velocities of M81 galaxy
M81 (NGC3031) is a SA(s)ab galaxy with 26.9arcmin angular diameter and about 3.6 ± 0.2Mpc distance from us. 36 It is the largest member of the M81 Group and its apparent magnitude in the B band is 7.69. It has −35km/s heliocentric radial velocity and its extinction in the B band (A B ) is 0.36.
37 Also there is an evidence for the presence of HI bridge and interaction between M81 and M82. 18 
M81 dust emission parameters:
We calculate dust emission optical depth using the value of spectral index and dust temperature. According to Table 11 , the cold dust temperature is lower compared to M82. Actually, for M82 mean temperature and spectral index b are T d = 19.48K, β = 1.634, respectively, whereas for M81 T d = 16.92K, β = 1.840. Table 11 . M81 dust temperature, spectral index and microwave temperature asymmetry data.
Distance
Microwave temperature asymmetry The optical depths for three frequencies and two models are presented in Tables  12 and 13 .
b The values of spectral index for both M81 and M82 galaxies and also the temperature and flux density for each frequency have been calculated from Planck GNILC maps. 10 Description of the Planck maps, as well as the calculation technique have been presented in. 7 In the case of Table 12 the optical depth varies significantly in GNILC model, where β = const. In this case again there is almost no temperature dependency, hence the optical depths for DL07 and GNILC models (when both temperature and spectral index are constant) are determined only by the flux density. Thus, the values of optical depths are close to each other.
M81 dust rotational velocities and masses: As in case of M82, we use Eq.(1) for calculation of velocities, where for galaxy disk the inclination angle we adopt as 58
• (we assume, that the halo has the same inclination angle as the disk). The velocities have been illustrated in Tables 14 and 15 . Once again, we obtain the most high value at 353GHz (due to high value of microwave temperature asymmetry). However, these values are significantly low compared to M31's velocities 7 because of relatively low value of optical depth. For example, optical depths for M31 galaxy (at 353GHz) vary within 10 −3 − 10 −4 range, while in this case the order of magnitude of the optical depth is more or less the same, similarly to the discussion in the previous section.
The dust rotation velocity can be obtained from the dust mass as well. There are various estimates of M81's dust mass. According to 38 the mass is 3.4 × 10 7 M ⊙ for 100 − 500µm wavelengths range. Another value of dust mass, 1.293 × 10 7 M ⊙ , is given in DustPedia. 39 Here we also use Eq.(2) for determining dust masses at three frequencies and two dust models. Since the mass absorption coefficient (k) depends only on given frequency, we adopt the same k which we have used for M82. As for the optical depth, we use values from Tables 12 and 13, calculated from MMB Table 17 . M81 dust mass for GNILC model. Thus, we use two approaches for deriving the dust rotation velocity. First, we compute it using the microwave temperature asymmetry data. Then, we obtain the velocity via Eq.(3) and find that the obtained velocities in the first case are significantly higher than those determined by microwave temperature asymmetry data. In the second case i.e. where we use pure dust parameters without microwave data, the velocities have smaller values. Table 19 . M81 dust rotational velocities for GNILC model derived with Eq. (3) .
Gravity and dark sector
The essential fraction of the dark matter in galaxies is commonly believed to be stored in the halos and various density profiles are proposed to fit the observations. Here we list some of the commonly used profiles to model dark matter halos. The so-called pseudo-isothermal profile is written as
where ρ 0 denotes the central density and r c is the core radius. The Navarro-FrenkWhite (NFW) 41 profile with broad range of applications is
where ρ crit is the critical density of the universe defined as
H stands for the Hubble constant. One of important features of this profile is that it depends directly on the cosmological parameter ρ crit . The dimensionless parameter δ c relates the two radii i.e. ρ crit to ρ 0 for the halo under consideration: ρ crit = δ c ρ 0 . Along with NFW, other profiles are also considered for modeling the halos, e.g. the Burkert one 
These three profiles have been used to model the dark matter halo of M31.
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Recalling the fact that the first indirect observation of dark matter in galaxies was related to the virial theorem
where σ, M and R stand for the velocity dispersion, the virial mass and the virial radius, respectively, for above mentioned halo profiles the velocity dispersions read as (see 7 for more details) ), 
In addition to these profiles, another widely used profile is the Einasto law 
In Einasto model 46 d n is function of n such that ρ e is the density at the radius r e of the volume containing half of the total mass.
The cosmological constant Λ entering the Einstein equations
is currently considered to fit the dark energy data. Various classes of modified gravity models are being considered to explain the dark matter and dark energy data. The models include e.g. scalar field entering the action
where ω is a dimensionless constant known as Dicke coupling constant. 48 Other models are based on the modification of Einstein-Hilbert action
where R is the Ricci scalar. This defines the f (R) theories of gravity. 49, 50 All modified theories are reduced to ordinary General Relativity at specific regimes.
The Modified Newtonian Dynamics (MOND)
51 is one of the well known model for explaining the dark matter problem. In MOND the Newton's second law is modified as
where µ( a a0 ) is the "extrapolating function" and depends on a parameter a 0 ≈ 1.2 × 10 −12 ms −2 . Thus, although for a 0 << a Newton's second law remains valid, in the so-called "deep-MOND" regime, it is modified to
Consequently, for the circular motion of an object with mass m around another object with mass M one has
Considering the above relation, it turns out that one can explain the so-called "flat rotation curves" of galaxies without any need of dark matter. Meantime, it is possible to interpret Eq. (19) as the modification of Newtonian gravity, leaving Newton's law intact. In such case, the modified gravitational potential is
Thus, MOND proposes a modification of gravity according to Eq.(19) without any further need of dark matter. For M31, particularly, the rotation curves predicted by MOND seem to be inconsistent with observations.
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We mention one more approach to describe the dark matter and dark energy within a single concept. Namely, considering the Newton's theorem on the equivalency of gravitational fields produced by sphere and that of the point, the weak-field limit of General Relativity is written as 13, 14 g 00 = 1 − 2Gm
Then the cosmological constant enters naturally in the gravity equations (both General Relativity and Newtonian one as its weak-field limit) which in its turn enables one to study the effect of Λ not only in the cosmological scales, but also in the Local Supercluster scale. 13, 57 Consequently, the virial theorem is written as
while for rotational velocity we have
This relation can be considered as further support to the conclusions in the previous sections, but now from entirely different point of view. Namely, as shown in Eqs(22), (23) are able to describe the dynamics of galactic halos and at higher scale galaxy configurations. However, if considering the dust mass obtained above as significant component of halos, one comes at contradiction i.e. the square of rotational velocity, V 2 , according to Eq.(23) will decrease and even can become negative. That contradiction can either indicate the limitations of the model on that scales or that the actual contribution of dust in the halos has to be small.
Conclusion
We studied the thermal dust contribution in the M81 and M82 galactic halos' rotation, up to 25kpc. We found dust rotation velocities with three frequency bands and two dust models, using Doppler induced microwave temperature asymmetry data. We estimated the dust rotation velocities via dust mass, which again depends on the given frequency. We obtained the lower values of the dust opacity using Doppler formula for microwave temperature asymmetry and conclude that velocities obtained via microwave asymmetry data (with Doppler effect) has a higher value at 353GHz band, with V = 160 − 80km/s for DL07 dust model and V = 14 − 10km/s for GNILC model (both for M82 galaxy). Since the dust spectral index specifies the dust model, we considered DL07 model with β = 2 spectral index and GNILC of varying spectral index; the dust characteristic parameters significantly different for those models, hence vary the values of the dust velocities. In fact, spectral index is a crucial parameter through which almost all properties of the dust are being fixed. Then we derived the rotation velocities of dust via Eq.(2) and obtained a significantly lower values 3.5 − 1.5km/s at 353GHz.
We also analyzed the relevance of the obtained results to certain modified gravity models proposed to explain the dark matter indications including the flat rotation curves in galaxies. We mentioned a self-consistent approach to the dark matter problem based on Newton's theorem on sphere-point equivalency, where the cosmological constant Λ is introduced naturally in the weak-field General Relativity. The notable conclusion is that although we used different models, we arrived at the same conclusion on the minor role of the dust in the entire dynamical mass of the considered galaxies.
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